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Abstract: 
Many of the most important plant diseases are caused by fungal pathogens that form 
specialized cell structures to breach the leaf surface as well as to proliferate inside the 
plant. To initiate pathogenic development, the fungus responds to a set of inductive 
cues. Some of them are of extracellular nature (environmental signals) while others 
respond to intracellular conditions (developmental signals). These signals have to be 
integrated into a single response that has as a major outcome changes in the 
morphogenesis of the fungus. The cell cycle regulation is pivotal during these cellular 
differentiations, and we hypothesized that cell cycle regulation would be likely to 
provide control points for infection development by fungal pathogens. Although 
efforts have been done in various fungal systems, there is still limited information 
available regarding the relationship of these processes with the induction of the 
virulence programs. Hence, the role of fungal cell cycle regulators –which are wide 
conserved elements– as true virulence factors, has yet to be defined. Here we discuss 
the recent finding that the formation of the appressorium, a structure required for 
plant penetration, in the corn smut fungus Ustilago maydis seems to be incompatible 
with an active cell cycle and, therefore genetic circuits evolved in this fungus to arrest 
the cell cycle during the growth of this fungus on plant surface, before the 
appressorium-mediated penetration into the plant tissue. 
The entry into the host cell is a critical step during pathogenesis of invasive plant 
parasites. Furthermore, plant antiparasitic treatments are usually preventive because 
once the infective agent has penetrated the plant tissue; the possibilities to eradicate 
infection drastically decrease due to the low accessibility of the therapeutic agents 
within the plant. Because this, the plant cuticle represents a primary barrier in the 
defense against pathogens. Nevertheless, phytopathogenic fungi overcome this 
obstacle by using natural openings such as stomata and wounds or more generally, by 
producing specific infection structures termed appressoria. Therefore, these infection 
structures are likely to provide targets for therapeutic intervention. However, an 
important caveat at this level is that the morphology of appressoria is highly variable, 
most likely reflecting distinct genetic programs in different fungi. In some cases it is a 
clearly defined structure with a thick, multilayered and highly melanized cell wall. In 
other cases, appressoria are difficult to be distinguished morphologically because they 
represent only a slight swelling of the germ tube apex. Moreover, the way 
appressorium guides the plant penetration is heterogeneous.  
 
 For example, some fungi penetrate the plant by using the turgor pressure produced 
inside the appressorium, whereas in other fungi the appressorium directs the localized 
secretion of enzymes that weakens the plant cuticule and cell wall. However, despite 
this diversity in form and function, all appressoria share some common features during 
its formation such as morphological changes, as well as the readjustment of cell cycle 
to allow the induction of these new morphogenetic programs. Therefore, the 
understanding of how growth and cell cycle progression are coordinately regulated 
during this process seems to be an alternative way to cope with plant fungal infections. 
We have recently showed that the formation of the appressorium in the corn smut 
fungus Ustilago maydis seems to be incompatible with an active cell cycle and that 
genetic circuits evolved in this fungus to arrest the cell cycle during the growth of this 
fungus on plant surface, before the penetration into the plant tissue. A few questions 
emanated from this work that remain to be uncovered, and our current view and ideas 
about these questions are discussed below.  
Plant Penetration and Cell Cycle Progression have to be Coordinated: 
The virulence program in U. maydis started with the mating of 2 compatible cells on 
the plant surface that results in the formation of a dikaryotic infective filament. In 
response to some unclear plant signal, a poorly differentiated appressorium, rather 
small swelling of the hyphal tip, is formed at the tip of the filament. Appressorium 
formation is mandatory for infection to proceed, and U. maydis mutant strains unable 
to produce functional appressoria are avirulent. Interestingly, along all this process, 
the filament is cell cycle arrested at G2 phase and only once the filament enters the 
plant, the cell cycle is reactivated and mitotic divisions take place, concomitant with 
the development of clamp-like structures that allow the correct sorting of nuclei to 
maintain the dikaryotic status. For many years, it was believed that the explanations 
for this specific cell cycle arrest were related to mechanistic reasons and that the 
arrest at G2 phase ensured high-speed movement –since there is no requirement for 
mitosis and de novo generation of cytoplasm– and thereby enables the fungus to 
explore the plant surface, most likely looking for an appropriate point of entry. 
However, our recent results indicated that cell cycle arrest in G2 phase was mandatory 
in order to induce the formation of the appressorium. To understand this 
incompatibility between appressorium formation and an active cell cycle, it is required 
to keep in mind that mitosis demands the recruitment of a large quantity of 
cytoskeletal elements to form the mitotic spindle, and that the morphogenesis of the 
appressorium also depends on the coordinated use of both actin- and microtubules-
based cytoskeletons . Therefore, it makes sense that cellular controls exist to force 
these 2 processes to be incompatible, avoiding competition for the same cytoskeletal 
components. Interestingly, this sort of incompatibility is akin in developmental 
processes in metazoan.  
 For instance, during the formation of the neural tube in Ciona intestinalis embryos, 
epidermal cells have to change their morphology to fuse each other, requiring for that 
a massive cytoskeleton remodeling. During this process mitosis is inhibited, 
lengthening the G2 phase, being the inhibitory phosphorylation of CDK the cell cycle 
regulatory target. The requirement for a specific cell cycle phase during appressorium 
formation has been noted in other fungi that produce appressoria markedly different 
in form and function from the ones found in U. maydis. For instance, in the case of 
Magnaporthe oryzae appressoria, the use of inhibitors of DNA replication and 
conditional mutants in cell cycle regulators showed that the regulation point for 
initiating appressorium development must occur prior to mitosis and depends on a full 
DNA replication; In other words, most likely it occurs during G2 phase. One clear 
difference between M. oryzae and U. maydis appressoria regarding cell cycle 
regulation occurs at the maturation step. For M. oryzae the penetration peg 
development requires the coupling with mitosis, most likely leaving one daughter 
nucleus at the appressorium and the other one traveling with the penetration peg. 
However, in U. maydis it has been described that cell cycle seems not to be reactivated 
until the infective dikaryotic hypha penetrates the plant tissue. In this case, the 2 
genetically distinct nuclei travel at the tip of the filament. This uncoupling between 
mitosis and penetration in U. maydis probably is a consequence of the peculiarities of 
the complex cell cycle required to maintain heterokaryosis after cell division. In some 
basidiomycete, as it is the case of U. maydis and Coprinopsis cinerea, the nuclear 
division involves the production of a specific structure called clamp-like cell, devoted 
microtubules structures and the activation of a specific checkpoint controlled by the 
DNA damage response pathway. Again, it makes sense that during the penetration 
step –that in U. maydis seems to be not dependent on turgor pressure but a 
continuous communication between the plant and the fungus that involves dedicated 
secretion of effector proteins– mitosis has to be delayed.  
Down-Regulation of the Hsl1 Hinase Serves Distinct Purposes: 
Cell cycle arrest during the formation of the infective filament relies on the down-
regulation of the expression of hsl1, encoding a kinase that negatively regulates the 
mitotic inhibitory kinase Wee1. Hsl1 belongs to the Nim1 family of protein kinases, 
having roles in cell cycle as well as in morphogenesis control. In Saccharomyces 
cerevisiae, for instance, Hsl1 negatively regulate the Wee1-like kinase Swe1, and it also 
controls the septin ring responsible of the bud neck morphology. Interestingly, we 
believe that the downregulation of hsl1 during the formation of the infective filament 
serves 2 distinct purposes. One is the reported role establishing the G2 cell cycle 
arrest. However, we think there is a second reason to keep down the levels of Hsl1 
during the formation of the infective filament.  
 
This second reason seems to be related to the distinct morphology of the neck 
depending whether the mother cell is producing a bud or an infective filament. When 
forming a bud, the neck showed a constriction between adjacent cellular 
compartments. In this constriction, cell separation eventually will take place. However 
the neck connecting the infective filament and the mother cell lacks this constriction 
and shows the characteristic hyphal shape of a long tube-like structure with parallel 
sides along its entire length. Interestingly, in infective filaments from strains that do 
not down-regulate the expression of hsl1, the neck between the mother cell and the 
filaments shows a constriction that reminds a bud neck (Fig. 1). Although this 
morphological defect has no influence on the functionality of the infective filament, we 
think it reflects distinct programs of cellular construction that most likely are 
controlled by the Hsl1 kinase. Since in other organisms, Hsl1 is involved in the control 
of septins, and we also observed this morphological defect in infective filaments from 
septin mutants, we believe that septins should be differentially regulated during the 
formation of the infective filament in comparison to the formation of a bud. These 
predictions are being tested currently in our laboratory. 
 
 
Figure 1. Neck morphology in a wild-type (control) cell forming either an infective filament (left 
panel) or a bud (middle panel). Note the constriction observed in the bud neck (middle inset) in 
comparison with the absence of constrictions in the filament neck (left inset). In a strain that is not 
able to down-regulate the hsl1 expression during the formation of the infective filament (hsl1tef1) 
strikingly, the neck of the filament shows a constriction (right inset). Bar: 15 mm. 
